This Resource Letter provides an annotated guide to some of the literature pertaining to the understanding of thermoacoustic engines and refrigerators. These devices incorporate acoustical components and networks to produce mechanical power or to pump heat, or both, without the use of traditional mechanical contrivances such as pistons, linkages, and valves. To bring some order to this research and the variety of thermoacoustic engines and refrigerators produced over the past two decades, these devices also are classified as stack-based and regenerator-based. The background and motivation for this organizational structure is provided in the introduction.
I. INTRODUCTION
The term ''thermoacoustics'' was introduced by Nikolaus Rott, who claimed that ''its meaning is rather selfexplanatory'' ͓Ref. 3͔. In the literal sense, Rott's claim is entirely justified, since the field is concerned with transformations between thermal and acoustical energy. But in the early 1980s, a small group of researchers headed by John Wheatley, working at Los Alamos National Laboratory, started trying to exploit thermoacoustic concepts to create devices that would produce useful refrigeration or useful work. Over the subsequent two decades, the meaning of ''thermoacoustics'' has expanded to encompass the design of heat engines and refrigerators that exploit gas inertia, compliance, and resistance to create passive acoustical-phasing mechanisms. These acoustical networks and resonators substitute for pistons, flywheels, and linkages used in traditional heat engines produced since the early 18th century, when Thomas Newcomen and James Watt built engines to harness the power of steam to pump water out of mines. Those mechanical contrivances have remained in use to the presentday in internal-combustion engines and in vaporcompression refrigeration machines.
Thermoacoustics is still evolving rapidly. This Resource Letter is intended to provide an annotated guide to some of the most important and useful literature available to students and researchers. To orient readers and to impose some useful order on the hundreds of articles published to date, I have organized them into various categories. Some are selfexplanatory, such as textbooks and review articles. But to create a meaningful organizational structure for the plethora of thermoacoustic devices and components ͑e.g., stacks, regenerators, resonators, transducers, heat exchangers, etc.͒ that have been developed thus far, the reader should be aware of a rather simple classification system based on whether the porous solid medium used to exchange heat with the working fluid ͑usually a gas͒ is a ''stack'' or a ''regenerator.'' I will classify thermoacoustic devices as engines ͑prime movers͒ or refrigerators ͑heat pumps͒, but also as standing-wave stackbased devices or traveling-wave ͑acoustic-Stirling or pulsetube͒ regenerator-based devices. a͒ Electronic mail: sxg185@psu.edu This scheme encompasses most cases, although some interesting hybrid thermoacoustic devices have been built that incorporate both an engine and a heat pump in the same resonator to produce a heat-driven refrigerator with no moving parts ͓Refs. 12, 14, 46, 94, 95 and 102͔. Similarly, a new thermoacoustic heat engine has been developed that is designed to produce 1 MW of acoustic power by incorporating one stack-based prime mover to generate sound spontaneously that is subsequently amplified by two regeneratorbased traveling-wave engines ͓Ref. 15͔.
I have intentionally omitted a large body of work that might also be classified as thermoacoustic. This includes pulse-combustion furnaces and a variety of economically and technologically important heat-driven oscillatory instabilities that occur in jet engines, rocket motors, and furnaces ͓Ref. 19͔.
I now elaborate on this choice of nomenclature and the resultant taxonomy for thermoacoustic engines and refrigerators as I have chosen to define them.
A. Engines and refrigerators
Cyclic thermodynamic devices are divided into two categories: engines ͑or prime movers͒ and refrigerators ͑or heat pumps͒. An engine absorbs heat at a high temperature and exhausts less heat at a lower temperature while producing work as an output. A refrigerator or heat pump absorbs heat at a low temperature and requires the input of mechanical work to exhaust more heat to a higher temperature. The only difference between a heat pump and a refrigerator is whether the purpose of the device is to cool some load or heat some load by taking the heat from a lower-temperature source ͑e.g., the air outside or the ground͒ and use the exhaust heat to warm that load ͑e.g., heat the air in your house͒.
B. Stacks and regenerators
Nearly all thermoacoustic devices employ a working fluid and some ''second thermodynamic medium'' that is typically a porous solid occupying less than 10% of the overall device volume. The pores or channels in the solid that contain the working fluid have a characteristic linear dimension that can be quantified by an hydraulic radius, r h , of a typical pore or channel. The hydraulic radius is the ratio of the volume of the pores V gas to the wetted area of the porous solid A wetted ; r h ϭV gas /A wetted . For geometrically simple regular pore geometries, the hydraulic radius can be expressed as the ratio of the pore's cross-sectional area, A, to its perimeter ⌸: r h ϭA/⌸. For a cylindrical pore of geometrical radius a, r h ϭa/2; for parallel plates with uniform gaps between plates of 2y 0 , r h ϭy 0 .
The linear dimension that characterizes diffusive heat transfer between the acoustically oscillating working fluid and the solid pore material, at an angular acoustic frequency ϭ2 f , is the thermal penetration depth, ␦ ϭ(2/c p )
; where is the thermal conductivity of the working fluid within the pore, is the fluid density, and c p is the fluid's constant-pressure ͑isobaric͒ specific heat per unit mass. This characteristic exponential length scale is related to the distance over which heat can diffuse during a time that is related to the acoustic period, Tϭ2/, of the acoustic oscillation. Useful animations showing the temperature profile of acoustically oscillating gas in contact with an isothermal solid boundary can be found at the Los Alamos National Lab Thermoacoustic Home Page ͓Ref. 25͔.
A similar exponential length that characterizes the thickness of the viscous boundary layer for oscillatory flow parallel to a solid surface is the viscous penetration depth, ␦ ϭ(2/) 1/2 . The kinematic viscosity is the ratio of the shear viscosity to the fluid density: ϭ/. The viscous penetration depth is the quantification of the old adage: ''Still waters run deep'' ͑i.e., low frequencies correspond to long penetration depths͒. The thermal and viscous penetration depths are related by the Prandtl number, ϭ(␦ /␦ ) 2 . For most gases, Х2/3, so those lengths are nearly equal, although for mixtures of a light gas ͑e.g., helium͒ and a heavy gas ͑e.g., xenon͒, the Prandtl number can be as small as 1/5 ͓Refs. 49 and 50͔.
The dimensionless ratio of hydraulic radius to thermal penetration depth is becoming known in the thermoacoustic community as the Lautrec number, 
1/2 N L , and the Valensi number, usually taken to be 4r h 2 /ϭ8r h 2 /␦ 2 ϭ(8/)N L 2 , which are more commonly used to characterize regenerators within the Stirling cycle community.
C. Standing-wave devices using stacks
Because N L у1 in a stack, the pressure oscillations of the gas are intermediate between perfectly isothermal at the solid-gas boundary and nearly adiabatic at distances greater than ␦ away from the boundary. This imperfect thermal contact between the gas and the solid introduces a phase shift between the pressure and temperature of the gas over a distance that is within a few times ␦ of the stack. That phase shift provides a ''natural'' mechanism to produce the proper phasing for heat pumping along the stack. For that reason, Wheatley referred to these stack-based devices as ''natural engines '' ͓Refs. 7, 12, and 16͔. Since the phasing between the acoustical oscillations of the gas and the heat transfer between the gas and stack is provided by a natural process ͑thermal diffusion͒, stackbased thermoacoustic engines will oscillate spontaneously if a sufficiently large thermal gradient is imposed along the stack. Operation of a stack-based thermoacoustic device requires that the pressure and displacement of a parcel of oscillating gas within the stack be primarily in phase. For that reason, stack-based devices are also called ''standing-wave'' engines or refrigerators. Much like the optical laser, where the electromagnetic standing wave in the laser cavity synchronizes the transfer of energy from the excited electronic states to enhance the amplitude of the electromagnetic stand-ing wave, the acoustic standing wave can phase the exchange of heat between the working fluid and the solid stack in a way that produces an initial exponential growth in the amplitude of the standing wave ͓Refs. 13 and 21͔. The standing wave will eventually reach steady-state amplitude that is limited by the available heat input to the stack and the losses owing to radiation, thermoviscous dissipation, and the like.
One drawback to the imperfect thermal contact between the gas and the solid material of the stack is that heat transfer over a non-zero temperature span must create entropy. Hence, even an idealized stack-based thermoacoustic device cannot achieve ideal ͑Carnot͒ thermodynamic performance, even in the inviscid limit, if power density is non-zero ͓Ref.
4͔.
Several of the articles cited in this Resource Letter provide a simple explanation of the operation of standing-wave refrigerators and heat engines using a Lagrangian approach that follows an individual parcel of gas as it oscillates along the stack while its pressure and temperature vary ͓Refs. 4, 6, 12, 13, 16, 17, and 26͔. The computer animations at the Los Alamos National Laboratory web site ͓Ref. 25͔ are particularly enlightening.
D. Traveling-wave devices using regenerators
In 1817, the Rev. Robert Stirling patented the use of a thermal storage medium he called the ''economizer'' that would be used in an air-filled engine that could operate at atmospheric pressure. Today, the economizer is known as a regenerator. In principle, a heat engine incorporating a regenerator can produce ideal ͑Carnot͒ thermodynamic performance when operated in a Stirling cycle. The gas-filled pores in a regenerator are so small compared to the thermal penetration depth ͑i.e., N L Ͻ1) that the pressure oscillations of the gas within the pores of the regenerator are held nearly isothermal by the higher heat capacity of the porous solid. Since the heat transfer between the gas and solid takes place over a vanishingly small temperature difference, there is a nearly negligible amount of entropy created during the transfer. Of course, there may be significant viscous dissipation created by the oscillatory flow of the working fluid through such small pores.
At the end of the 1970s, Peter Ceperley realized that the gas oscillating within the regenerator of a Stirling engine was executing a cycle that had the same phasing between pressure and velocity as a traveling acoustic wave. In his classic paper ͓Ref. 39͔ and patent ͓Ref. 87͔, Ceperley showed that a traveling sound wave passing through a porous medium ͑steel wool͒ that had an externally imposed temperature gradient experienced less attenuation when the sound wave was moving in the same direction as the temperature gradient and more attenuation when it was traveling against the temperature gradient. Although Ceperley did not demonstrate ''gain'' in that ''engine,'' it was only a matter of time before the quest for Carnot performance in thermoacoustic devices led to a class of regenerator-based thermoacoustic devices. Unlike the stack-based devices that operate in a standing-wave sound field, regenerator-based devices need a more complicated acoustic network to provide the proper traveling-wave phasing between pressure and gas velocity within the regenerator, while also providing a favorable ratio of pressure oscillation amplitudes in the regenerator-to-flow velocity amplitude through the regenerator ͑acoustic impedance͒.
The mechanical power produced by a regenerator in an engine or the cooling power absorbed by the regenerator in a refrigerator ͑heat pump͒ is nearly equal to the acoustic power flow through the regenerator ͓Ref. 2͔. The acoustic power is proportional to the product of the in phase components of the pressure and velocity of the gas oscillations within the regenerator. Since the regenerator pores are small, high gas velocities in those pores lead to large viscous dissipation. Hence, for a regenerator-based device to perform efficiently, and produce the power density required for a given application, it is advantageous to increase the magnitude of the pressure oscillations and reduce the magnitude of the velocity oscillations ͑i.e., increase the acoustic impedance͒, while maintaining the magnitude of their product ͑i.e., the power͒.
This situation is analogous to long-distance electricalpower transmission. Dissipation is due to the electrical resistance in the conductors that produces Joule heating (I 2 R) losses. For a given power-transmission requirement, it is advantageous to increase the transmission voltage and reduce the current, while maintaining the in-phase product of current and voltage ͑hence the transmitted electrical power͒. The regenerator-based thermoacoustic device produced thus far will generally be more complicated than a stack-based standing-wave device, since they must include a passive acoustical network to provide the proper phasing and higher acoustic impedance than a pure traveling wave to optimize the efficiency of the regenerator. A nice and inexpensive demonstration refrigerator using a 4 in. loudspeaker and 35-mm film for the stack is described. No heat exchangers are used, yet they get the cold end of the stack to drop to 29°F ͑Ϫ2°C͒ after 10 min. ͑E͒ 24. ''A simplified thermoacoustic engine demonstration,'' A. Jeromen, Am. J. Phys. 71 ͑5͒, 469-499 ͑2003͒. A thermoacoustic sound source ͑Hofler Tube, Refs. 20 and 22͒ using liquid nitrogen to provide the required temperature gradient. Not nearly as simple as the electrically heated ''acoustic laser'' above ͑Ref. 21͒. ͑E͒ 25. ''LANL Thermoacoustics Animations,'' http://www.lanl.gov/ thermoacoustics/movies.html. There are a wonderful series of acoustically accurate animations available on the ''Thermoacoustics Home Page,'' maintained by Los Alamos National Laboratory. ͑This ''home page'' also includes links to other useful thermoacoustic web sites.͒ The animations include both stack-based and regenerator-based thermoacoustic devices as well as some fundamental acoustics covering standing and traveling waves and thermoviscous boundary effects. ͑Also available on the CD-ROM that accompanies Ref. 2.͒ ͑I͒
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